Abstract: We demonstrate the fabrication of a key element for monolithic integration of modelocked VECSELs, namely a quantum-dot-based SESAM with reduced saturation fluence, which allows stable mode locking with similar mode areas on gain and absorber.
Introduction to the integration scheme
One of the most application-relevant milestones that remains to be achieved in the field of passively modelocked surface-emitting semiconductor lasers (VECSELs) is the integration of the saturable absorber into the gain structure, enabling the realization of ultra-compact high-repetition-rate laser devices suitable for cost-efficient high volume wafer-scale fabrication. Here we report a significant advance towards that goal, namely the demonstration of a saturable absorber which allows for passive mode locking with similar mode areas in the absorber and the VECSEL gain structure [4] .
The main obstacle to overcome in the pursuit of a VECSEL with integrated saturable absorber is the large mode area ratio between gain structure and SESAM (semiconductor saturable absorber mirror) [5] which so far has been required in order to obtain stable mode locking [2] , cf. Fig. la) . Since the VECSEL gain region and the saturable absorber are made of similar semiconductor materials, both have similar values of the saturation fluence. For stable passive mode locking, however, the SESAM needs to saturate more strongly than the gain, which normally necessitates a large mode area ratio, achieved by focusing the laser mode much more tightly (-10-40 times smaller mode area) on the SESAM. With such configurations, we have already achieved 2.1 W of average power at 4 GHz repetition rate in 4.7-ps pulses [6] and 1.4 W at 10 GHz in 6.1-ps pulses [7] .
Apart from preventing integration, this large mode area ratio also significantly complicates the realization of very high repetition rates in combination with high output powers even in a conventional external cavity setup. The two main reasons are: Firstly, a large ratio of mode areas in a short cavity (for multi-GHz repetition rates) requires operation close to the stability limit for the cavity, making it very susceptible to thermal drifts or mechanical vibrations. Secondly, for a given average power level, the energy per pulse decreases for increasing repetition rates, making it necessary to focus the cavity mode more and more tightly on the SESAM in order to maintain a constant level of saturation which is required for sustaining the mode locking. Therefore, the same average absorbed power causes a higher temperature rise at higher repetition rates because it is deposited on smaller spots. Our approach for integration of SESAM and VECSEL structure is based on self-assembled quantum dot (QD) absorbers. In order to demonstrate the feasibility of integration using such a QD-SESAM, we present first mode locking results in a cavity with essentially identical mode areas on VECSEL and SESAM as sketched in Fig. lb ). An additional advantage of the simple V-cavity with similar mode areas is the fact that repetition rate can be tuned simply by changing the total cavity length. Using this setup, we were already able to demonstrate mode locking at record-high repetition rates of 21 and 30 GHz. After this successful demonstration, the individual elements can be used to develop monolithically integrated mode-locked VECSELs (cf. Fig. ic) .
Experimental pre-integration results
For monolithic integration with a conventional VECSEL structure, an absorber material is sought which exhibits a significantly reduced saturation fluence compared to InGaAs quantum wells (QWs) but still consists of materials which are compatible with the growth of the gain structure. A very promising solution is found in the use of selfassembled quantum dots (QDs): due to the three-dimensional confinement, their saturation fluence is significantly reduced compared to that of QWs [8] . At the same time, QDs can be fabricated in any strongly strained semiconductor system such as InAs on (Al)GaAs, providing a large accessible wavelength range.
For mode locking our InGaAs-based VECSELs with a wavelength of about 960 nm, we have fabricated SESAMs containing self-assembled InAs QDs. The QD absorber layer was fabricated by delivering 1.8 monolayers of InAs to the sample at a reduced growth temperature of 380 'C. A saturation fluence measurement revealed a value of 1.7 p1/cm2, which is about an order of magnitude lower than the typical values of around 20 p1/cm2 that can be achieved with optimized QW-SESAMs at this wavelength. Pump-probe measurements on a similar QD-SESAM have shown that the recovery time is well below 1 ps due to the low temperature growth, thus providing the potential for mode locking in the tens of GHz regime [4] .
The QD-SESAM was installed in the cavity setup shown in Fig. lb) . The total cavity length was 7.1 mm at 21 GHz and was later reduced to 5 mm for a repetition rate of 30 GHz. An output coupler with a large radius of curvature of 200 mm was used, resulting in a very weakly focused mode that had practically identical mode radii of about 90 pm on the VECSEL and the SESAM. An output coupler transmission of only 0.35% had to be used (compared to 2.5% as a typical value for our mode-locked VECSELs) because the SESAM had high small-signal losses due to the large modulation depth which was higher than desired. The output powers that could be extracted were therefore quite low and are not representative of the high-power capabilities of VECSELs [6, 7] . The pump source was a commercial 808-nm diode module capable of delivering up to 4.2 W in a homogenized beam with the same M2 of about 13 in both axes, focused down to a nearly circular pump spot with radii of 92 mm and 85 mm. A 20-mm uncoated fused-silica etalon was used for tuning the laser wavelength into regions where the total intracavity group delay dispersion (GDD) is expected to be positive, which has been shown to be favorable for obtaining stable mode locking and short pulses [9] . Figure 2 shows the mode locking results obtained using two different VECSEL structures. While the general VECSEL designs are very similar [2] , the two structures contain a number of smaller changes: in VECSEL A, Al0.06Ga0o94As is used as the pump-absorbing material; also, the GaAs0.94P006 strain compensation layers are placed directly adjacent to the QWs. The wavelength of maximum gain is around 980 nm. In VECSEL B, the pumpabsorbing layers are made of pure GaAs and the strain compensation layers are placed in the center of the QW spacer sections. The maximum gain is around 955 nm in VECSEL B. Both structures were grown in reverse order by MOVPE and processed as detailed in [2] . As shown in Fig. 2 , we were able to obtain 55 mW of average output power at a repetition rate of 21 GHz with VECSEL A. The incident pump power was 2.5 W and the heat sink of the VECSEL was held at 30 'C. The autocorrelation can be fitted well with an ideal sech2 pulse of 9.7 ps duration. The optical spectrum is centered at 980.3 nm with a FWHM of 0.33 nm. With VECSEL B, output power was somewhat lower at 25 mW, but the repetition rate could be increased to 30 GHz. The incident pump power was 2.9 W and the heat sink of the VECSEL was held at 16 'C. The autocorrelation can be fitted well with an ideal sech2 pulse of 4.7 ps duration. The optical spectrum is centered at 959.6 nm with a FWHM of 0.31 nm. The time-bandwidth product amounts to 0.5, which is only 1.6 times above the transform limit. At the time of the experiments, a timedomain optimized photodiode with an approximate 3-dB bandwidth of only 17 GHz was available, so the RF spectra do not have a very good signal to noise ratio. However, the wide-scan autocorrelations show stable pulse trains with clearly separated pulses. 
Conclusions and Outlook
We have demonstrated passive mode locking of a VECSEL in a cavity configuration where the mode sizes on VECSEL and SESAM are identical to below four percent difference. The key element to achieve mode locking with such a small mode area ratio is a SESAM containing self-assembled InAs QDs as an absorber layer, which reduces saturation fluence by about an order of magnitude compared to QW absorbers. By adjusting the cavity length, stable mode locking up to a record-high repetition rate of 30 GHz was demonstrated in 4.7-ps pulses and at an average output power of 25 mW. The goal of developing such a SESAM is monolithic integration of the absorber into the VECSEL structure, which would allow for mode locking in a simple straight cavity, enabling even higher repetition rates. Ultimately, even the output coupler may be monolithically integrated onto the device, resulting in a completely monolithically mode-locked device which is fully manufacturable by well-established wafer-scale semiconductor fabrication techniques.
